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Nitric oxide induces heme oxygenase-1 gene expression in mes- [1–6]. Release of NO can be sustained and of high output
angial cells. as infiltrating macrophages express the inducible isoform
Background. Nitric oxide (NO) release as a result of activa- of NO synthase (iNOS) [6–8]. NO also originates fromtion of inducible NO synthase (iNOS) can be sustained and
intrinsic glomerular cells, for example, endothelial andreach cytotoxic concentrations. It is unknown whether cells
mesangial, because of stimulation of iNOS in these cellspossess intrinsic systems to attenuate NO-mediated cytotoxicity.
One potential system is the heme oxygenase-1 (HO-1) enzyme by macrophage-derived cytokines [9–11]. This dual ori-
because it catabolizes heme and therefore may limit synthesis gin of NO can result in supraphysiological NO levels
or availability of iNOS. These studies were undertaken to ex- within glomeruli and can cause oxidative injury and scar-plore whether NO derived from NO donors or from activation
ring. This form of injury can occur by NO itself [12] orof iNOS induces HO-1 in mesangial cells.
Methods. The expression of the HO-1 gene was evaluated by interaction of NO with superoxide to form the strong
at the mRNA (Northern blot analysis) and protein (Western and relatively stable oxidant peroxynitrite [13]. To lessen
blot analysis) levels in mesangial cells treated with two NO the extent of injury, glomerular cells must possess versa-
donors, sodium nitroprusside (SNP) and S-nitroso-N-acetyl-
tile systems that can be rapidly recruited to defendDL-penicillamine (SNAP), or was stimulated by the combina-
against NO-mediated oxidative injury. Identification andtion of lipopolysaccharide (LPS) and interferon-g (IFN-g) to
induce iNOS in the presence and absence of NOS inhibitor understanding the regulation of such systems are there-
NG-Monomethyl-l-arginine (L-NMMA). fore important. One putative candidate is heme oxy-
Results. HO-1 was constitutively expressed in mesangial cells. genase (HO). HO is the rate-limiting enzyme in theBoth SNP and SNAP induced HO-1 mRNA in a dose-depen-
catabolism of heme-generating biliverdin (subsequentlydent manner. The increase in mRNA was associated with an
reduced to bilirubin by biliverdin reductase), carbonincrease in HO-1 protein in SNP-treated cells. The combination
of the LPS/IFN-g mixture induced iNOS expression and NO monoxide (CO), and ferric iron [14]. Two distinct forms
production in murine mesangial cells, as assessed by Western of HO have been identified: HO-1 and HO-2 [14]. HO-1
blot analysis and measurement of nitrite levels. HO-1 expres-
is an inducible isoform that is activated by most oxidativesion was also increased in response to LPS/IFN-g. L-NMMA
stress inducers and cytokines. HO-2 is a noninducibledose dependently attenuated HO-1 mRNA and protein levels.
In contrast, iNOS expression was dose dependently enhanced. isoform that is constitutively expressed in all tissues and
Conclusions. Our studies demonstrate that both exoge- is activated by glucocorticoids and adrenocorticoids [14].
nously or iNOS-derived NO enhance HO-1 expression in mes- Heme oxygenase-1 (HO-1) activation could attenuateangial cells and point to regulatory interactions between the
NO-mediated toxicity by negatively modulating expres-iNOS and HO pathways. HO-1 activation may defend against
sion or activity of iNOS. Thus, catabolism of cellularNO-mediated toxicity.
heme would limit new iNOS synthesis as iNOS contains
the heme iron moiety [15]. Moreover, CO released in
In certain forms of glomerular injury, activated mono- the process of heme degradation can inactivate existing
cyte-macrophages infiltrate glomerular capillaries and iNOS by interacting with its heme iron moiety [16]. Fi-
release proinflammatory cytokines and nitric oxide (NO) nally, iron released in the process of heme degradation
can down-regulate iNOS transcription [17].
It was recently shown that in forms of glomerularKey words: inducible nitric oxide synthase, cytotoxicity, oxidative in-
jury, scarring, glomerular injury. immune injury characterized by enhanced production of
iNOS-derived NO, there is a coactivation of iNOS andReceived for publication September 4, 1998
HO-1 (abstract; Datta et al, J Am Soc Nephrol 9:453A,and in revised form December 11, 1998
Accepted for publication December 14, 1998 1998) [18]. This raises the question of whether regulatory
interactions exist between these two systems in glomerular 1999 by the International Society of Nephrology
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cells, specifically whether NO activates HO-1. To address (Genezyme, Boston, MA, USA) at 10 mg/ml and 10 ng/ml,
respectively, for 24 hours to activate iNOS expression andthis we employed two approaches. (a) The first approach
activity. To inhibit iNOS-derived NO production, cellsis incubation of mesangial cells (MCs) with two different
were stimulated with LPS/IFN-g mixture in the presenceNO donors: sodium nitroprusside (SNP) and S-nitroso-
of NOS inhibitor NG-Monomethyl-l-arginine (L-NMMA)N-acetyl-DL-penicillamine (SNAP). SNP, an iron ni-
[22] at concentrations of 0.1, 0.5, and 1.0 mm.trosyl compound, releases NO in a nonlinear fashion and
reacts with O2 to generate nitrosonium ion (NO1) [19]. Nitrite production assaySNAP is an S-nitrosothiol compound that releases free
Nitrite levels were measured in the culture mediumradical NO in a sustained linear fashion [19]. (b) The
after 4 or 24 hours of incubation of MCs with NO donorssecond approach is incubation of MCs with a cytokine
or with LPS/IFN-g mixture using the Griess reactioncombination consisting of lipopolysaccharide and inter-
method (Promega, Madison, WI, USA). Fifty microlitersferon-g (LPS/IFN-g) to activate MC iNOS [20] and re-
of culture medium were reacted with an equal volumelease iNOS-derived NO.
of 0.5% sulfanilamide for five minutes and then with 50Our observations demonstrate that NO derived either
ml of 0.05% N-(1-napthyl)ethylenediamine dihydrochlo-from NO donors or from iNOS activation induces HO-1
ride in 2.5% H3PO4 for five minutes in 96-well plates atand also point to regulatory interactions between the
room temperature. The resulting azodye product wasiNOS and HO-1 systems.
spectrophotometrically quantitated at 540 nm using a
microplate reader (SLT-Labinstruments, Groedig, Aus-
METHODS tria), and nitrite levels were determined by comparison
with standard curves made from a solution of sodiumCell culture
nitrite.Primary cultures of mesangial cells (MCs) from Sprague-
Dawley rats were established by procedures described Northern blot analysis
earlier [21]. MCs were grown in RPMI 1640 medium
Total RNA was isolated from control and treated MCs(Life Technologies, Gaithersburg, MD, USA) containing
using the Tri-reagent method with direct lysis of cells as25 mm HEPES, supplemented with 10% fetal bovine
described earlier [23]. Twenty micrograms of total RNAserum (FBS), insulin-transferrin-selenium (ITS), penicil- were electrophoresed in a 1% agarose gel, transferred
lin (100 U/ml), and streptomycin (0.1 mg/ml). Cells were to Nytran membrane (Schleicher & Schuell, Keene, NH,
grown at 378C under 5% CO2, 95% air. For experiments, USA) and cross-linked with ultraviolet light. The nylon
subcultured cells (passage 15 to 20) were seeded into membranes were prehybridized in Rapid-Hyb buffer
six-well plates and grown to confluence. The culture me- (Amersham, Arlington Heights, IL, USA) at 608C for
dia was then replaced with 0.1% FBS containing media 15 minutes. Membranes were then incubated with fresh
for 24 hours and then exposed to various treatments. hybridization buffer containing 32P-labeled rat HO-1
We also employed SV40 transformed mouse MCs cDNA probe at 608C for 16 hours. Membranes were then
(MES13) obtained from ATCC (Rockville, MD, USA) washed two times in 2 3 standard saline citrate (SSC; 1 3
and cultured in Dulbecco’s modified Eagle’s medium/ SSC 5 150 mm NaCl and 15 mm Na citrate) plus 0.1%
Ham’s F-12 medium (Life Technologies) supplemented sodium dodecyl sulfate (SDS) at room temperature for
with 5% heat-inactivated FBS, 14 mm HEPES, penicillin 15 minutes each followed by two washes in 0.1 3 SSC
(100 U/ml), and streptomycin (0.1 mg/ml). Cells were containing 0.1% SDS at 558C for 15 minutes each. To
grown at 378C under 5% CO2, 95% air. For experiments, control for variation in amount of RNA in different
subcultured cells were seeded into six-well plates and samples, blots were hybridized with a 32P-labeled glycer-
grown to confluence. The culture media was then re- aldehyde-3-phosphate dehydrogenase (GAPDH) cDNA
placed with 0.5% FBS containing media for 24 hours probe after stripping the HO-1 probe. Autoradiographic
and then exposed to various treatments. signals were quantitated by densitometric scanning (Mo-
lecular Dynamics, Sunnyvale, CA, USA). The densitomet-
Treatments ric values obtained for the HO-1 mRNA were normalized
To examine the effect of NO on MC HO-1 expression, to values for GAPDH mRNA obtained on the same blot.
two NO donors were employed. In the first series of
cDNA probesexperiments, cells were incubated for four hours in a
medium containing 0.1% FBS (control) or in a medium A 615 bp Eco RI insert was isolated from the rat HO-1
containing either SNP (0.1, 0.2, 0.4, 0.6, and 1 mm) or cDNA clone, generously provided by Dr. Mark Perrella
SNAP (0.1 and 0.3 mm). Both NO donors were obtained of Harvard School of Public Health (Boston, MA, USA)
from Alexis Corporation (San Diego, CA, USA). [24]. A 1.4 kb Pst I insert was isolated from the rat
To elucidate whether iNOS-derived NO can induce GAPDH cDNA clone [25]. The HO-1 and GAPDH
HO-1 expression, MES13 cells were treated with a com- cDNA inserts were labeled with [a-32P]dCTP using the
Redi-Prime labeling kit (Amersham).bination of LPS (Sigma, St. Louis, MO, USA) and IFN-g
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Fig. 1. Effect of NO donors, SNP, and SNAP on HO-1 mRNA expression in cultured rat mesangial cells. (A) Cells were stimulated with SNP
for four hours and then analyzed for HO-1 mRNA levels. Lane 1, control; lanes 2–6: 0.1 mm, 0.2, 0.4 mm, 0.6 mm, and 1 mm, respectively. (B)
Cells were stimulated with SNAP for four hours and then were analyzed for HO-1 mRNA levels. Lane 1, control; lane 2, 0.1 mm; lane 3, 0.3 mm.
Abbreviations are: NO, nitric oxide; HO-1, heme oxygenase 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase, SNP, sodium nitroprusside;
SNAP, S-nitroso-N-acetyl-DL-penicillamine. Northern blots are representative of three separate experiments.
Fig. 2. Effect of NO donor SNP on HO-1 protein
expression in cultured rat mesangial cells. Cells were
treated with increasing concentration of SNP for 24
hours and then analyzed by Western blot analysis.
Lane 1, control; lanes 2–5: 0.1 mm, 0.4 mm, 0.6 mm,
and 1 mm, respectively.
Western blot analysis Statistical analysis
Mesangial cells were scraped in ice-cold phosphate- Results are expressed as mean 6 sd. Statistical analysis
buffered saline, centrifuged at 1000 g for five minutes at was performed by the use of Student’s t-test for unpaired
48C, and lyzed in SDS sample buffer (62.5 mm Tris-HCl, observation.
pH 7.4, 2% SDS, 10% glycerol, 2.5% b-mercapto-
ethanol, and dye). The cell lysates were boiled for five
RESULTSminutes, and SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) was performed on 4 to 20% Tris-glycine Nitric oxide donors induce heme oxygenase-1 mRNA
gels (Bio-Rad, Hercules, CA, USA). One hundred mg and protein
of protein were electrophoresed using the buffer system
Northern blot analysis was performed to examine
of Laemmli [26]. The separated proteins were trans-
changes in steady-state levels of HO-1 mRNA in cellsferred electrophoretically (Bio-Rad) to Hybond-ECL
exposed to different concentrations of SNP and SNAPmembranes (Amersham) at 25 V at 48C using the proto-
for four hours. Analysis of total RNA isolated fromcol of Towbin, Staehelin and Gordon [27]. The mem-
rat MCs treated with SNP for four hours revealed abranes were blocked for one hour in TBS-T (10 mm Tris-
concentration-dependent increase in HO-1 mRNA (Fig.HCl, pH 7.5, 150 mm NaCl, 0.05% Tween 20) containing
1A). Northern blot analysis of total RNA isolated from5% nonfat milk. Membranes were then incubated with
rat MCs treated with SNAP for four hours also revealedrabbit polyclonal antibody against rat HO-1 (1:1000 dilu-
an increase in HO-1 mRNA expression (Fig. 1B). Densi-tion) or rabbit polyclonal antibody against mouse iNOS
tometric quantitation of relative HO-1 mRNA levels in(1:1000 dilution) in TBS-T for two hours. Rat HO-1
cells exposed to SNP showed an increase in HO-1 mRNAantibody and mouse iNOS antibody were purchased
at 0.1 mm (threefold), at 0.4 mm (fourfold), at 0.6 mmfrom StressGen Biotechnologies (Vancouver, Canada)
(fivefold), and at 1 mm (sevenfold). In cells exposed toand Santa Cruz Biotechnology (Santa Cruz, CA, USA),
SNAP, a more pronounced induction of HO-1 expres-respectively. Membranes were then washed thoroughly
sion was observed: a threefold increase at 0.1 mm and ain TBS-T and incubated with antirabbit horseradish per-
12-fold increase at 0.3 mm.oxidase-conjugated antibody (1:7500 dilution) for two
Western blot analysis revealed a dose-dependent in-hours. Membranes were then washed in TBS-T. The
crease in HO-1 protein levels in cells incubated withdetection of signal employed an enhanced chemilumines-
cence detection kit (Amersham). SNP (0.1 to 1.0 mm) for 24 hours (Fig. 2).
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Fig. 3. Effect of combination of LPS and
IFN-g on nitrite production (A), HO-1 expres-
sion (B) and iNOS expression (C) in mouse
mesangial cells. Cells were treated with LPS
and IFN-g (10 mg/ml and 10 ng/ml, respec-
tively) for 24 hours in the absence or presence
of L-NMMA (0.1, 0.5, and 1 mm). (A) Nitrite
production in the media is shown as assessed
by Griess reaction and expressed as mean 6
sd of three separate experiments. **P , 0.005
and *P , 0.001 vs. LPS/IFN-g–treated cells.
(B) HO-1 mRNA expression in the presence
of LPS/IFN-g. Lane 1, control (no additives);
lane 2, 0.1 mm L-NMMA alone; lane 3, LPS
and IFN-g alone; lanes 4–6, LPS and IFN-g
and 0.1, 0.5, and 1 mm L-NMMA, respectively.
Northern blot is representative of three sepa-
rate experiments. (C) iNOS and HO-1 protein
expression is in response to LPS/IFN-g. Lane
1, control (no additives); lane 2, 0.1 mm
L-NMMA alone; lane 3, LPS and IFN-g alone;
lanes 4–6: LPS and IFN-g and 0.1, 0.5, and 1
mm L-NMMA, respectively. Western blot is
representative of three separate experiments.
Abbreviations are: HO-1, heme oxygenase 1;
GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase; iNOS, inducible nitric oxide syn-
thase; L-NMMA, NG-Monomethyl-L-arginine;
LPS, lipopolysaccharide; IFN-g, interferon-g.
Inducible nitric oxide synthase-derived nitric oxide NOS inhibitor L-NMMA, there was a dose-dependent
activates heme oxygenase-1 expression reduction in HO-1 protein levels with a parallel increase
in iNOS protein levels (Fig. 3C, lanes 4, 5, and 6).Incubation of mouse MCs (MES13) with LPS/IFN-g
for 24 hours to induce iNOS resulted in a marked in-
crease in NO (as measured by nitrite levels) in media DISCUSSION
(Fig. 3A). This was dose dependently attenuated in the
This study demonstrates that both exogenous andpresence of the NOS inhibitor L-NMMA (Fig. 3A).
iNOS-derived NO induces HO-1 expression in MCs.HO-1 expression assessed by Northern blot analysis was
Thus, treatment with two structurally dissimilar donorsincreased in response to LPS/IFN-g (Fig. 3B, lane 3).
of NO, SNP, and SNAP induced HO-1 expression in a
Effect of nitric oxide synthase inhibition on dose-dependent manner. The iNOS inducers LPS/IFN-g
inducible nitric oxide synthase and heme also enhanced HO-1 expression, and this observation con-
oxygenase-1 expression firms those by Tetsuka et al, who demonstrated that cyto-
kine (interleukin-1b) up-regulates HO-1 expression inIn contrast to constitutively present HO-1, iNOS ex-
MCs [28]. Similar effects of NO on endothelial cell andpression (Western blot) was undetectable in unstimulated
macrophage HO-1 expression were also observed [29, 30].MCs (Fig. 3C, lanes 1 and 2). In LPS/IFN-g–treated cells,
The mechanism by which NO induces HO-1 gene ex-there was a marked induction of iNOS with an increase
in HO-1 protein (Fig. 3C, lane 3). In the presence of the pression is unknown. Studies in numerous cell types [31–
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33] suggest that the induction of HO-1 by NO is indepen- erated in the glomerular milieu in various forms of glo-
merular injury [38–40].dent of the cGMP-signaling pathway. In this study, two
different NO donors were used that generate different In various experimental models of glomerulonephritis,
enhanced glomerular expression of iNOS and generationredox forms of NO. SNP generates the nitrosonium ion
(NO1) [19], whereas SNAP releases the free radical NO of cytotoxic amounts of NO have been demonstrated
[6–8]. The induction of HO-1 in nephrotoxic nephritis[19]. Because both the NO donors induced HO-1 expres-
sion, it can be proposed that HO-1 activation is indepen- was demonstrated in a recent study [18]. Immunohisto-
chemical studies suggested that macrophages were thedent of the redox states of NO.
The potential physiologic significance of NO-induced major site of glomerular HO-1 synthesis, although the
authors do not exclude the contribution of the residentHO-1 expression is elucidated in the experiment demon-
strating that activation of iNOS by LPS and IFN-g re- glomerular cells [18]. In the same disease model, we have
recently shown a coinduction of iNOS and HO-1 (ab-sulted in the induction of iNOS protein synthesis and
NO production and also an increase in HO-1 mRNA stract; Datta et al, J Am Soc Nephrol 9:453A, 1998). This
and the observations made in our current study pointand protein expression (Fig. 3 A–C). The observation that
the NOS inhibitor L-NMMA dose dependently reduced to activation of HO-1 by iNOS-derived NO. This may
constitute a protective mechanism against NO-mediatedHO-1 mRNA and protein levels (Fig. 3 B, C) indicates
that iNOS-derived NO activates the HO-1 system. How- oxidative injury as follows: Activation of HO-1 can re-
duce intracellular heme levels, thereby limiting iNOSever, in L-NMMA–treated cells, iNOS expression in-
creased in a dose-dependent manner (Fig. 3C, lanes 4–6). synthesis. CO released in the process of heme degrada-
tion can limit NO production by binding to the hemeThe mechanism of this discordant effect is unclear. Evi-
dence in the literature suggests that iNOS-derived NO moiety of iNOS [16]. Fe released in the same process
can attenuate iNOS transcription [17]. As mentioneddown-regulates iNOS expression [34]. This would ex-
plain the increase in iNOS expression in MCs stimulated earlier here, activation of HO-1 also provides two ROS
scavenger molecules: biliverdin and bilirubin [36, 37].with LPS/IFN-g in the presence of L-NMMA (Fig. 3C,
lanes 4–6). On the other hand, the parallel decrease in Finally, the HO-1–catalyzed production of CO from
heme is a stimulator of guanylate cyclase [14]. An in-HO-1 levels observed in these cells (Fig. 3C, lanes 4–6)
points to an alternative mechanism; the decrease in HO-1 crease in intraglomerular cGMP can maintain glomeru-
lar hemodynamics.levels could result in less heme degradation, thereby
increasing intracellular heme availability toward iNOS In conclusion, our studies demonstrate that exogenous
and iNOS-derived NO induces HO-1 expression in MCs,synthesis. Lower intracellular CO and Fe levels, the two
other major products of heme catabolism by HO-1, could and point to regulatory interactions between the l-argi-
nine:NO and HO-1 pathways.also occur as a result of decreased heme degradation.
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